Enzymes are usually proteins -each has a very specific shape or conformation. Within this large molecule is a region called an active site, which has properties allowing it to bind tightly to the substrate molecule(s). When the substrate is bound, it induces a change in the enzyme's conformation that alters the substrate environment in such a way that the reaction is more likely to take place. Once the product molecule(s) are formed, they no longer fit so well into the active site and they dissociate from the enzyme. The enzyme then returns to its original conformation, ready to begin the process again.
Enzymes do not initiate reactions that would not naturally occur. They accelerate a reaction that is already underway. Enzymes enable the reaction to take place more rapidly at a safer, relatively low temperature that is consistent with living systems. Chemicals or physical conditions that alter the conformation of the enzyme protein have the potential to alter its activity, even abolishing the enzyme's ability to catalyze the reaction altogether, if the effect is great enough. Factors that can alter enzyme activity include concentration of enzyme, substrate, or products; temperature; pH; and protein denaturants. Protein denaturants are either chemical or physical processes that alter the conformation of the protein, including excessive heat, very high or low pH, ionizing radiation, and proteolytic enzymes.
Page 3: Animated representation of enzymatic activity
To illustrate this process graphically, let's examine a reaction catalyzed by an enzyme that splits lactose (a disaccharide) into two simple sugars, glucose and galactose. The lactose fits comfortably into the active site of the enzyme, but its very presence there causes a change in shape of the enzyme. The new conformation puts stress on the bond between the two monosaccharides, the bond breaks, and the products dissociate from the enzyme (Fig 1.) . In this case, the enzyme is β-galactosidase -the suffix (ase) indicating that it is an enzyme that splits the molecule, the main part of the word (galactosid) naming one of the products, and the β referring to the shape of the bond that is cleaved.
Page 4: More about β-galactosidase
The bacterial enzyme, β-galactosidase, catalyzes the breakdown of the complex sugar lactose into its component simple sugars -galactose and glucose. Its synthesis is turned on in bacteria when there is not enough glucose to sustain them, and when lactose is present in the medium. When the lactose is cleaved into the component sugars, the simple sugars produced can be used to provide energy used to sustain further growth of the bacteria. The reaction can be expressed by the following word equation:
In addition, β-galactosidase has found extensive applications in the laboratories of molecular biologists. Because many organisms completely lack this activity, scientists can splice the gene for the enzyme into cells, and detect the presence of the gene by an assay for β-galactosidase activity, similar to the assays you will perform in this exercise. To facilitate the measurement of the products of this reaction, scientists use one of a family of lactose analogs -chemicals that are close enough to lactose to be able to bind to the active site of β-galactosidase, but that yield an altered product. Analogs can be chosen so that one of the products is a colored compound that can be easily measured by a device known as a spectrophotometer. One such compound, Xgal, produces a blue color upon cleavage by the enzyme, and is often used in nutrient agars used to grow bacterial colonies to identify whether they are expressing the enzyme. Therefore, blue colonies would have β-galactosidase activity, whereas white colonies would not. Another analog, ortho-nitrophenyl-beta-D-galactopyranoside, also known as ONPG, produces a yellow color upon cleavage; ONPG will be used as the example in this tutorial.
Although β-galactosidase is widespread among bacteria, it is not universal, and is rarely found in eukaryotes, where different enzymes (with different specific activities) accomplish the digestion of lactose. In humans, however, many adults are deficient in lactase, an intestinal enzyme that catalyzes digestion of the same substrate -as many as 70 to 90% of adults in most parts of the world are lactose-intolerant for this reason. A notable exception is the population of Northern Europe (and their descendants), for many of whom, their genetic make-up includes the continued production of lactase into adulthood. In lactase-deficient individuals, the undigested lactose is taken up and metabolized by bacteria in the large intestine, with the formation of products that include gases such as CO 2 and H 2 , and short-chain acid byproducts. These acids can cause diarrhea. Although some adults continue to metabolize lactose throughout life, the majority of humans undergo a reduction in lactase levels at about five to seven years of age.
For further information about β-galactosidase, consult sources such as: The Worthington Enzyme Manual (http://www.worthington-biochem.com/BG/default.html)
Page 5: Why study enzyme activity? Collectively, enzymes govern nearly everything that happens in biological systemsvirtually all reactions in cells are regulated by the extent of activity possessed by the enzyme that catalyzes that reaction. The following questions might suggest ways that the reaction rate can be changed.
• Does the cell make the protein that functions as an enzyme?
• Is the protein active (cells have ways to modify the protein to change its activity as an enzyme -these changes can either inactivate the enzyme or make it become active)? • Is the temperature right for the enzyme to be most active?
• Is the pH right for the enzyme to assume a conformation that allows the substrate to bind to the active site? • Is the substrate present?
• Is the substrate in the same area as the enzyme?
• Is there another enzyme competing for the same substrate?
When we answer these questions about the enzyme in a particular cell or organism, we learn how that chemical reaction participates in the function of the cell. In order to answer these questions, scientists use enzyme assays -experiments measuring the rate of a reaction and, indirectly, the effectiveness of the enzyme under those conditions.
Page 6: Measuring the rate of the reaction
We can depict the progress of a reaction using a graph (Fig. 2) . Time is shown on the xaxis, beginning at 0 on the left, and the amount of substrate or product is shown on the y-axis. During the course of the reaction, each molecule of enzyme will sequentially convert molecules of substrate into molecules of product. In the laboratory, we can measure either the appearance of product or the disappearance of substrate; regardless of which is measured, the rate refers to the amount of product produced per unit time.
Page 7: Measuring the rate of enzyme activity in a test tube
In a closed system like a test tube when one begins with all substrate and no product, the substrate will eventually be used up and no more product can be produced. Once the increase in product begins to level off, the measurement is a function of not only the enzyme activity, but also the substrate availability. Therefore, it is necessary to measure the rate of the enzyme early enough so that it has not slowed because of a lack of substrate. This early measurement is called the 'initial velocity' and is measured during the straight-line increase part of the graph (Fig 3) .
Page 8: Synthetic substrate for β-galactosidase
In the example we used earlier with β-galactosidase, there is a problem with the assayone can't easily measure either the disappearance of galactose or the appearance of glucose and galactose! Therefore, the rate of this enzyme is usually measured using a synthetic substrate with two special properties. First, its shape is similar enough to lactose that it binds in the active site so that it can be split by the enzyme, and second, the products of the artificial substrate can be easily detected. In this example, orthonitrophenyl-beta-D-galactopyranoside (ONPG) is the synthetic substrate -the galactose part is the same as in the lactose, and the other half is shaped somewhat similarly to glucose (Fig. 4) . The bond in the middle has the same character in ONPG as in galactose, and can be cleaved by the enzyme.
Page 9: Chemical formulae of lactose and ONPG
The left half of lactose consists of the monosaccharide galactose; the right half consists of a glucose monosaccharide (Fig. 5A) .
The left half of ONPG consists of the monosaccharide galactose; the right half consists of o-nitrophenol (ONP). This molecule fits into the active site of the β-galactosidase enzyme in such a way that it is cleaved, but in this case, the products are galactose and ONP (Fig. 5B ).
Page 10: Animated representation of β-galactosidase activity with ONPG
The difference between lactose and ONPG (for the purposes of our assay) is that, unlike glucose, the product ONP can be measured after cleavage -it has a yellow color (Fig. 6) . The color means that the molecule absorbs light at specific wavelengths. As the reaction proceeds, the amount of yellow product builds up over time, and that change in color can be quantified by a laboratory instrument called a spectrophotometer.
Page 11: How a spectrophotometer works
The spectrophotometer measures absorbance of light photons that have specific wavelengths. Within the instrument, a bulb provides light over a large range of wavelengths; a prism splits the light into its component wavelengths and a mirror directs the desired wavelengths toward a detector. A transparent tube called a cuvette, containing the solution to be measured is placed into the light path (Fig. 7) . If the solution absorbs the light at the selected wavelength, the detector measures a drop in the light that reaches it. This drop is referred to the absorbance, or the optical density (OD). (Because this is a ratio signifying the light absorbed, the absorbance measurement doe not have units.)
Note that a solution that we see as yellow absorbs a lot of blue color light -it looks yellow to us because it does not absorb yellow! It reflects the yellow wavelengths back for us to see, while other colors are absorbed.
Page 12: Calibration of and measurement with a spectrophotometer
One first "calibrates" the spectrophotometer using no ONP -solution is colorless (Fig.  8A) . The spectrophotometer then "remembers" the amount of light reaching the detector when the solution was colorless and calculates the amount of light that has been absorbed by the solution (Fig. 8B ).
Page 13: Using the spectrophotometer for the β-galactosidase assay
Using the spectrophotometer in an assay for β-galactosidase enzyme activity, we mix a solution that has substrate and the β-galactosidase enzyme, and put it in the spectrophotometer. As the intensity of yellow color increases in the cuvette, the OD reading increases over time, quantifying the accumulation of product, ONP (Fig. 9) .
The enzyme activity can be expressed as a rate -the increase in product per unit time. Because 1 OD of absorbance at 420 nm represents approximately 0.054 M solution of ONP, the amount of ONP formed can be easily calculated.
Page 14: Sample β-galactosidase assay data
To simulate running an assay for β-galactosidase using ONPG as a substrate, you "mix" 0.5 ml enzyme solution, 0.5 ml ONPG solution, and 4.5 ml buffer solution (pH 7.7), pour some of the mixture into the cuvette, place it in the spectrophotometer, and begin recording the OD 420 readings every 15 seconds. The following table shows your data ( In order to apply an enzyme assay to answer a question about the enzyme's effectiveness under particular conditions, one must run the assay multiple times while the only variable is the condition being studied. For example, to study the effect of pH on the activity of β-galactosidase, you would run the assay many times using buffers of different pH values. After completing each set of measurements, calculate the initial velocity for each pH. If the enzyme is more effective at a particular pH, the Vi will be higher; if the pH renders the enzyme less capable of catalyzing the reaction, the Vi will be lower. Data from a simple example appears in Table 2 . Each of five reaction tubes was measured and the initial velocity calculated; the graph compares these initial velocities (Fig. 11) . According to this data, the pH at which this enzyme is most effective is about pH 7.7. pH 6.4 6.8 7.2 7.7 8.0 Initial velocity (OD change per min) 0.004 0.007 0.015 0.021 .012 Table 2 . β-galactosidase activity at different pHs.
Page 17: Summary To study any enzyme, one can apply the principles used for the β-galactosidase assay in this tutorial. Briefly, the steps include:
• Know the substrates and products for the enzyme being studied Fig. 6 . Production of yellow ONP following cleavage of ONPG by β-galactosidase. This figure is dynamic online. Fig. 7 . Diagram of how a spectrophotometer works. A light source emits light of many wavelengths, the light is split into its component wavelengths, a single wavelength of light is selected, the light of the appropriate wavelength passes through the vessel containing the solution, light that is not absorbed by the solution reaches the detector, which measures the mount of light reaching it. This figure is dynamic online. Detection of ONP in the solution. Fig. 9 . The OD increases as β-galactosidase converts ONPG to galactose and the yellow ONP. The enzyme rate is calculated at a specific point by dividing the OD at that point by the time. The initial velocity (Vi) is the amount of product (Y) divided by the time it took to make it (X). This figure is dynamic online. Fig. 10 . Graphs for an assessment exercise. Online students click on the graph that represents the data shown in Table 1 . Fig. 11 . β-galactosidase activity as a function of pH. Table 1 . Sample data from a β-galactosidase assay. Table 2 . β-galactosidase activity at different pHs.
